ABSTRACT Various bacterial components are potent activators of the innate immune system and probably (in)directly determine subsequent specific immune responses. Therefore, effects of i.v. administered Salmonella enteriditis-derived lipopolysaccharide (LPS) and Staphylococcus aureus-derived lipoteichoic acid (LTA), respectively, on the primary antibody (Ab) response to keyhole limpet hemocyanin (KLH) were studied in cocks from 2 lines divergently selected for high (H line) and low (L line) Ab responses to SRBC.
INTRODUCTION
Naturally occurring innate immune reactions are based on the recognition of preserved homologous epitopes (homotopes) by serum proteins and germ-line encoded cellular receptors that belong to several molecular families. Homotopes are associated with microbes, cancer cells, degenerated cells, and with other (self) cell components. Serum proteins, such as lipopolysaccharide (LPS) endotoxin-binding protein, C-reactive protein, mannose-binding protein, and (probably) natural antibodies (NAb), serve as recognition molecules of homotopes (Berczi et al., 1998) . Binding of the appropriate homotope derived from a microbe with a soluble receptor induces cells within the innate immune system to remove these components. Homotopes may also act directly on cell surface receptors, e.g., toll-like receptors (TLR), heat shock pro- 
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intravenously pretreated 24 h earlier with LTA but decreased if the chickens were intravenously pretreated 24 h earlier with LPS. Ab responses to S. enteriditis LPS were significantly enhanced when birds were immunized with KLH or pretreated with S. aureus LTA. Ab responses to S. aureus LTA were also significantly enhanced when birds were immunized with KLH or pretreated with LTA and subsequently immunized with KLH.
Our findings suggest that LTA and LPS have immunomodulatory features in chickens, albeit in opposite directions. In addition, KLH acted in an immunomodulatory role too. Possible mechanisms underlying our observations and the role of LTA and LPS in polarization of the specific immune response in chickens are discussed.
teins, complement component C3-receptors, and Fcγ-receptors on phagocytes and natural killer cells (Murch, 2001 ). All of these homotope receptors are polyspecific and allow the recognition of a vast variety of molecular structures associated with pathogens and abnormal cell components with the aid of relatively few germ lineencoded molecules. This restricted heterogeneity fits with the stability of microbial homotopes because they are essential for the survival or the pathogenicity of the microorganism. An important consequence is the ability of the innate immune system to selectively react against microorganisms. Characteristics of homotopes are illustrated by microbial stimulators of innate immune responses, such as LPS, and lipoteichoic acids (LTA), which are shared by all gram-negative and gram-positive bacteria, respectively. Similarly, unmethylated CpG motifs are present in bacterial DNA, but not as commonly in eukaryotic DNA, and mannans are conserved components of yeast cell walls. On host cells, homotopes may meet a number of pattern-recognition receptors (PRR). The main distinction of PRR from clonally distributed (and more specific) receptors of T and B lymphocytes is that their specificities are germ-line encoded. PRR are strategically expressed on cells, which are the first to encounter pathogens during infection: epithelial cells and effector cells of the innate immune system. Moreover in mammals, homotopes upon binding to PRR induce in their target cells (e.g., antigen-presenting cells) expression of several proinflammatory cytokines, such as tumor necrosis factor-α, interleukin (IL)-6, IL-12, IL-15, and type 1 interferons. Subsequently, inflammatory responses are modulated by the release of IL-10 and transforming growth factor (TGF)-β. Thus homotopes may play a crucial role in polarization of the specific immune responses.
Knowledge of the role of homotopes in the regulation of specific immune responses in poultry is scarce. Recently, immunomodulatory (enhancing) effects of a homotope (unmethylated CpG) on a specific antibody (Ab) response to bovine serum albumin has been shown (Vleugels et al., 2002) . Bacterial homotopes activated oxidative burst of chicken heterophils probably via TLR2 and TLR4 (Farnell et al., 2003) , and anti-CD14 and anti-TLR4 antibodies reduced LPS-induced nitric oxide synthesis in chicken macrophages (Dil and Qureshi, 2002 ). In the current study we injected LPS or LTA 24 h prior to immunization with keyhole limpet hemocyanin (KLH) to study immunomodulatory effects of these homotopes in chickens divergently selected for either enhanced or decreased specific Ab responses to SRBC. These lines differ with respect to specific (Parmentier et al., , 1998 and innate natural ) Ab titers to various protein and auto-antigens. The use of these genetically selected lines might reveal whether the observed differences in specific immune responses between the lines is related with the response to homotopes such as LPS or LTA, which are commonly present in the intestinal environment.
MATERIALS AND METHODS

Birds and Housing
The experiment was conducted with 160 cocks 12 wk of age, originating from an ISA Warren cross (medium heavy layers). Cocks were of 2 lines of chickens that originate from the same parental stock but that had been divergently selected during 22 generations for high or low primary Ab responses to SRBC at 5 d after s.c. immunization with SRBC at 5 wk of age. Cocks were housed in a barn-with-perches-and-litter system. This system con-2 Cal Biochem-Novabiochem Co., La Jolla, CA. sisted of a floor stable with sawdust. The barn was divided into 5 smaller stables of 2 × 4 × 5 m 3 with 32 cocks per stable. The light regimen was 16 h of light (0600 to 2200 h), and temperatures were between 17 and 20°C during the complete observation period. The birds had free access to feed and water. Chicks were vaccinated against Marek's disease, infectious bronchitis, and infectious bursal disease at 0, 2, and 15 d of age, respectively, and Newcastle disease at hatch.
Reagents
Keyhole limpet hemocyanin (KLH), 2 Staphylococcus aureus-derived lipoteichoic acid (LTA, lot 61K4146), 3 and Salmonella enteriditis-derived lipopolysaccharide (LPS, lot 6011) 3 were used.
Experimental Design
Effects of administration of homotopes on a subsequent specific Ab response to KLH were studied using a 2 × 5 factorial design of treatments. Factors were line [birds selected for high (H) and low (L) antibody response to SRBC] and i.v. administration of 1 mg of LPS/kg of BW (groups 1 and 4), 1 mg of LTA/kg of BW (groups 2 and 5) in PBS (pH 7.2), or 1 mL of PBS (group 3) followed 24 h later with a s.c. immunization with 1 mg of KLH per bird (groups 1, 2, and 3) or PBS (groups 4 and 5).
Humoral Immune Response to KLH, LPS, and LTA
Total Ab titers to KLH, LPS, and LTA in serum from all birds were determined by ELISA at d 0, 7, 14, and 21 postimmunization (PI). Briefly, 96-well plates were coated with 1 µg of KLH/mL, 4 µg of LPS/mL, or 10 µg of LTA/ mL. After subsequent washing with tap water and 0.05% Tween, the plates were incubated with serial dilutions of serum. Binding of Ab to KLH, LPS, and LTA antigen was detected using 1:20,000 diluted rabbit anti-chicken IgG H+L coupled to peroxidase. 4 After washing, tetramethylbenzidine and 0.05% H 2 O 2 were added and incubated for 10 min at room temperature. The reaction was stopped with 2.5 N H 2 SO 4 . Extinctions were measured with a Multiskan 5 at length of 450 nm. Titers were expressed as the log 2 values of the highest dilution giving a positive reaction. Positivity was derived from the extinction values of a standard positive serum present on every microtiter plate.
Statistical Analysis
Total serum Ab titers to KLH, LPS, and LTA were analyzed by a 3-way ANOVA for the effect of line, (homotope) pretreatment, time, and their interactions using the repeated measurement procedure with an option of bird nested within line and treatment. All analyses were according to SAS software (1990) procedures. Mean differences between lines and among treatments were tested with the Bonferroni's test. Means with different superscripts within line and treatment group differ significantly (P < 0.05).
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Least squares means ± SEM of the complete observation period. Titers are 2log of the reciprocal of the antibody dilution. Immunization: KLH = 1 mg of KLH s.c. 24 h after homotope treatment. *P < 0.05. ***P < 0.001.
RESULTS
Antibody Responses to KLH, LPS, and LTA
Least squares means of mean total serum Ab titers to KLH, LPS, and LTA during 3 wk after immunization are shown in Table 1 .
KLH. Anti-KLH Ab titers in serum of birds immunized with KLH were highest at d 14 PI in all groups. However, in H line birds pretreated with LTA, titers were already high at d 7 PI (data not shown). The total Ab response to KLH during the complete observation period was significantly affected by a line-by-treatment-by-time interaction (Table 1) . Higher titers to KLH (P < 0.05) were found in H line birds as compared with L line birds. Ab titers to KLH were significantly higher in birds immunized with KLH (groups 1, 2, and 3) than in nonimmunized birds (groups 4 and 5) that received PBS. Ab titers to KLH were significantly lower in birds pretreated with LPS (group 1) then in birds pretreated with LTA (group 2) or PBS (group 3). In L line birds, LTA pretreatment prior to immunization with KLH significantly enhanced Ab titers to KLH as compared with L line birds pretreated with PBS prior to immunization with KLH. Line effects were significant at all times measured PI; the enhancing effect of LTA as compared with the PBS pretreatment was significant at d 14 and 21 PI for H and L line birds.
LPS. Anti-S. enteriditis LPS Ab titers in sera of birds from all groups increased at d 7 PI and remained at the same level until the end of the observation period (data not shown). The total Ab response to LPS during the complete observation period was significantly affected by a line-by-treatment-by-time interaction (Table 1) . Higher titers to LPS (P < 0.05) were found in H line birds as compared with L line birds. Ab titers to LPS were significantly higher in birds immunized with KLH (groups 1, 2, and 3) than in nonimmunized birds (groups 4 and 5), which received PBS. This finding was especially true for H line birds. Ab titers to LPS were significantly lower in birds pretreated with LPS (group 1) than in birds pretreated with LTA (group 2) when immunized with KLH.
LTA. Anti-LTA Ab titers in sera of birds were highest in H and L line birds pretreated with LTA at d 7 PI with KLH, and after that time gradually decreased (data not shown). Higher titers to LTA (P < 0.05) were found in H line birds as compared with L line birds. Ab titers to LTA were significantly lower in birds pretreated with LPS and subsequently immunized with KLH (groups 1) in H and L line birds than birds pretreated with LTA or PBS and subsequently immunized with KLH (Table 1 ). The highest titers to LTA were found in birds that received KLH after an LTA pretreatment.
DISCUSSION
The first objective of the present study was to evaluate differential immunomodulatory features of S. enteriditisderived LPS, and S. aureus-derived LTA on a specific immune (Ab) response to KLH in poultry. We choose LTA and LPS as representative homotopes of gram-negative and gram-positive bacteria based on their widespread use in evaluating TLR-induced immune responses. The importance of homotope activation probably relates to mucosal tissues, where the immune response can be skewed in opposite directions.
The intestinal microflora (in)directly interacts with immune cells probably after translocation (Wenzl et al., 2001 ) via binding of homotopes to PRR on immune cells (Blum et al., 1999 , Miettinen et al., 1996 . Gramnegative bacteria, such as Escherichia coli or Salmonella spp., and LPS induce IL-10 release and enhance expression of ICAM-1, CD119 (γ-interferon receptor) and MHC molecules on epithelial cells (Blum et al., 1999) . Grampositive bacteria, such as several lactobacilli, streptococci, and staphylococci strains, induce the release of other cytokines, e.g., tumor necrosis factor-α, IL-2, IL-1β, IL-6, IL-12, IL-18, and in addition enhance Ab responses to parentally administered antigen (Miettinen et al., 1996 (Miettinen et al., , 1998 Blum et al., 1999; Haller et al., 2000; Maassen et al., 2000) . In the presence of gram-positives, enhanced expression of CD69/CD25 (IL-2 receptor) and CD56 is found on CD3-natural killer cells (Blum et al., 1999; Haller et al., 2000) .
Others have reported the production of TGF-β by PBL (Blum et al., 1999) and intestinal epithelial cells (Schiffrin et al., 1995; Schiffrin and Blum, 2002) in the presence of lactobacilli. Cytokines affect specific local mucosal and systemic immune responsiveness. Th-1 cytokines (IL-2, IL-12, γ-interferon) initiate cellular inflammatory responses, Th-2 cytokines (IL-4) enhance Ab-mediated (hypersensitivity) responses, whereas TGF-β and IL-10 downregulate immune responses, regulate (mucosal) tolerance responses, and prevent allergy (Blum et al., 1999; Isolauri et al., 2001) . As a consequence antagonizing effects between gram-positive lactobacilli and gram-negative bacteria were expected and were found (Vidal et al., 2002) .
In the present study, we found opposite effects of LPS and LTA on the antigen-specific immune response of poultry to KLH. Homotopes were administered i.v., because it was unclear whether effects due to the amounts given (1 mg/kg) would result in measurable effects that could be distinguished from effects originating from the intestinal microflora within poultry kept under normal husbandry conditions. On the other hand, artificial mucosal administration of LPS has been found to affect the immune responsiveness of pigs (Touchette et al., 2002) . The doses of LPS administered were based on previously reported cachectin effects of LPS on poultry (Klasing et al., 1987) , and we applied a similar dose for LTA. Furthermore, in mammals, LPS and LTA may bind to different TLR on innate cells [e.g., TLR4 (LPS) vs. TLR2 (LTA), respectively] (Takeuchi and Akira, 2001; Jacinto et al., 2002; Morath et al., 2002; Schroder et al., 2003) or bind to the same TLR (Takeuchi and Akira, 2001 ). Binding of LPS and LTA to TLR, respectively, or administration of gramnegative vs. gram-positive bacteria has been shown to modulate specific immune responses, probably via different cytokine expression of innate cells (Miettinen et al., 1996 (Miettinen et al., , 1998 Blum et al., 1999; Haller et al., 2000; Maassen et al., 2000) . The former results indicated that LPS favors Th-1 immune or inflammatory responses, whereas LTA skews the immune response to Th-2 mediated Ab responses or hypersensitivity responses.
Our second objective was to study the role of the genetic background of the chickens pretreated with homotopes on the specific Ab response to KLH. Chicken lines were used that had been divergently selected for 22 generations for high or low primary Ab responses to SRBC. These lines differ with respect to specific Ab responses to model proteins (Parmentier et al., , 1998 , parasites (Parmentier et al., 2001 ) and vaccines , in vitro T-cell responses (Kreukniet et al. 1994; Parmentier et al., 1994) , complement components (Parmentier et al., 2002) , and cellular constituents of the peripheral blood and lymphoid tissues (Parmentier et al., 1995; Kreukniet et al., 1996) . As yet we found no differences in the cellular compartment of the innate immune system (e.g. natural killer cell activity and phagocytosis) between the lines. Recently, we determined higher titers of NAb binding auto-and exoantigens in the H line as compared with the L line . Moreover, we found a functional relationship between the level of NAb and the specific Ab titers to KLH . It is thus tempting to speculate about a relationship between the innate immune system and the level of specific Ab in the current lines. We found higher Ab titers to KLH (as expected) in the H line, but also higher titers to LPS and LTA were found in the H line. It remains to be established whether the higher Ab titers to LPS and LTA in the H line reflect the composition of the intestinal microflora, reflect genetically based immune responsiveness against these homotopes, reflect penetration of gram-negative bacteria that might be higher in the L line, resulting in lower NAb and specific Ab levels, or reflect combinations of the former. As a consequence, a genetically based immune responsiveness against homotopes might affect the composition of the microflora in the present lines. These hypotheses are currently under investigation. As yet we have no evidence of differences between the intestinal microflora of H and L line birds or evidence of differences of penetration of enterobacteria between the lines.
From the 10th generation onward, the H line almost exclusively expresses the BG (class IV) B21 haplotype, whereas the L Line is almost exclusively of the B14 haplotype (Pinard et al., 1993) . Homotopes, especially LPS and components from gram-positive bacteria, have been shown to (in)directly affect maturation of antigen-pres-enting (dendritic) cells (Veeraswamy et al., 2003) , as exemplified by upregulation (Daro et al., 2002; Grauer et al., 2002; Kikuchi et al., 2002) , or decrease of classical MHC (class I and II) expression (Vancheri et al., 2001; Mariotti et al., 2002) , localization and redistribution of MHC molecules within cell compartments (Van der Wel et al., 2003) , MHC antigen processing (Lautwein et al., 2002; Tobian et al., 2003) , modulation of CD1 expression ( Van der Wel et al., 2003) , or act as superantigens binding MHC molecules (Calandra, 2001 ) of mammals and thus affect subsequent specific immune responses. However, because LTA and LPS affected antibody titers to KLH in a similar fashion in both chicken lines, the present results indicate an MHC-haplotype independent effect of the homotopes on specific antibody responses.
The LPS was found to decrease specific Ab titers to KLH and LTA but also to LPS itself, whereas LTA and also KLH enhanced Ab responses to LTA, KLH, and LPS. Albeit the most pronounced effects were found in the L line. The results correspond with the reported Th-2 enhancing characteristics of LTA (Matsui and Nishikawa, 2002) and KLH (Bliss et al., 1996) in mammals and the Th-1 features of LPS (Dabbagh et al., 2002; Przetak et al., 2003) . Apparently, a combination of LTA and KLH has additive effects on the induction of Th-2 like immune responses. The modulation of Ab titers to LPS and LTA and to KLH suggested that the levels of antibodies to these antigens were not determined solely by the composition of the intestinal microflora in the lines but could still be modulated at the systemic level.
Common carbohydrate residues on KLH and LPS have been described (Wirguin et al., 1997) . However, the additive relationship between KLH and LTA and the subtractive relationship between KLH and LPS are most probably not due to cross-reactive epitopes, because pretreatment with LTA or LPS alone did not enhance Ab titers to KLH. Immunization with KLH on the other hand enhanced antibody titers to LPS and to LTA. Enhancement of antibody titers to LPS after KLH immunization was found earlier (Hangalapura et al., 2003) . The reason why the T-cell dependent protein antigen KLH enhanced Ab titers to LPS, whereas the T-cell independent antigen LPS did not enhance Ab responses to KLH, remains to be determined. Apart from unknown factors such as cytokine-dependent bystander activation or the immunization route applied (i.v.), it may suggest that KLH as applied in the present doses may have homotope and immunomodulatory features too. Vleugels et al. (2002) found that injection of chickens with CpG sequences as an adjuvant enhanced titers of total, IgG, and IgM, but not IgA antibodies binding BSA after primary immunization, and titers of total and IgG antibodies binding BSA after secondary immunization. Titers to BSA were higher for a prolonged period in birds pretreated with CpG sequences than in birds not pretreated. Prevention of cellulitis in Escherichia coli-infected chickens by CpG motifs was also based on the shift toward a more balanced Th-1 vs. a Th-2 response (Babiuk et al., 2003) . Our present findings of LTA (and KLH) enhancing specific Ab responses but LPS suppressing specific Ab responses in chickens should be followed by further studies to detect binding of these components to TLR on antigen-presenting cells (e.g., present in the spleen) that via release of cytokines may polarize the subsequent T-cell dependent response in a Th-1 or Th-2 fashion. The TLR are present in oviparous animals but may function in a manner that is different from those in mammals (Fukui et al., 2001) . Recently, the oxidative burst of avian heterophils was shown to be mediated by LPS via TLR2 and TLR4, whereas LTA mediated oxidative burst via CD14 and TLR4 (Farnell et al., 2003) . Alternatively, it was recently shown that CpG triggering of TLR constitutively expressed on memory B cells resulted in polyclonal activation of the memory B cell pool and thus enhanced humoral immune responsiveness (Bernasconi et al., 2003) . Whether this explains the nonspecific enhancement of anti-LTA or anti-LPS titers in the current study remains to be determined.
Taken together, we obtained evidence similar to that found in mammals, that components derived from gramnegative (LPS) and gram-positive (LTA) bacteria with characteristics of homotopes can affect specific Ab responses at the systemic level in a negative (LPS) or positive (LTA) fashion. These findings are not in contradiction with the mechanisms that have been proposed to underlie the immunomodulating effects of dietary pro-and prebiotics. Further studies should include oral pretreatment of poultry with homotopes or homotope-containing substances, the effects of dose, and the effects of homotopes on Th-1 mediated immune responses, e.g., delayed-type hypersensitivity to Th-1 antigens.
